Introduction
T-cell development and differentiation is a highly complex process that occurs at multiple specialized microenvironments and involves multiple cellular intermediate stages (1) . A large number of genes and developmental pathways are required for the controlled differentiation of hematopoietic stem cells into multiple highly differentiated effector T-cell subsets. Many extracellular signals delivered following cell-cell contact and soluble factors, like cytokines, drive intracellular signaling cascades. Genetic networks that integrate environmental signals have been deciphered in great detail (2) . One of the key precepts in T-cell immunology has been the requirement that the system be exquisitely regulated. This is achieved through the balancing of various biochemical and cellular pathways that lead to immune homeostasis. Whether it is the differential signaling through the T-cell receptor (TCR), costimulatory, and negative signaling pathways or the balance of regulatory T cells (Tregs) versus memory T cells, for example, the immune system is controlled as a fine rheostat that allows for potent responses against foreign invaders while maintaining tolerance to self-antigens.
It has been revealed over the past decade that regulatory RNAs play a critical role in controlling gene expression (3) . In fact, recent results of the ENCODE project and similar genome analyses suggest that RNA is not only an intermediate carrier of information between DNA and proteins but rather RNA elements, that do not encode proteins function as an important class of regulatory molecules (3) (4) (5) . One particularly well-studied class of non-coding RNAs are microRNAs (miRNA), which are short post-transcriptional inhibitors of gene expression (6) . About half of all proteincoding genes are regulated by miRNAs (7) , and with a few rare exceptions (8, 9) , almost all mammalian cells seem to engage miRNAs for gene regulation. Thus, it is not a surprise that the identification of miRNAs as fine regulators of gene expression play a critical role in maintaining this fine balance. In this review, we focus on our current understanding of the role of miRNAs in T-cell differentiation and function. Although much is to be learned and uncovered about the function of these endogenous short RNA molecules in biology overall, early studies suggest that these non-coding RNAs regulate the development and differentiation of T cells in general, in often subtle ways, providing a link to the fine specificity and delicate balance needed to control this robust system in the context of genomic regulatory elements.
Overall function of miRNAs in T cells
Several hundred miRNAs exist in the mammalian genome, and many of these are evolutionarily highly conserved (10) . The growing list of miRNAs is curated in miRBase (11) . Most miRNAs are transcribed as long transcripts that are cropped in a multistep process into the mature 21-23 nucleotide (nt) single-stranded miRNAs (12) . Nucleic DGCR8/DROSHA proteins are part of the important microprocessor complex that cleaves the primary transcripts into a stem loop shaped $ 70 nt precursor miRNA (12) . After export to the cytoplasm, DICER further crops the precursor miRNAs into their final length (13) . The multi-step posttranscriptional miRNA processing allows for intricate regulation beyond transcription (14) . In addition to the canonical miRNA biogenesis, alternative pathways involving the mRNA splicing machinery give rise to mirtrons that bypass the microprocessor and one miRNA, miR-451, can be cleaved by Argonaute (Ago) (15) (16) (17) (18) (19) (20) . Thus, multiple defined pathways contribute to the generation of the pool of miRNAs. Therefore, initial studies of the importance of miRNAs in the murine immune system utilized broad disruption of all miRNAs in specific cell types by deleting key proteins required for miRNA biogenesis.
Lck-cre-mediated ablation of Dicer during thymocyte development leads to severely reduced thymocyte numbers in part due to increased cell death, but surprisingly, the relative numbers of cells at the developmental stages remained intact (21) . T-cell-specific Dicer deletion at a later time point (using CD4-cre) results in a mild lymphopenia (22) and a relatively mild multi-organ autoimmune disease (23) . T-cell-specific miRNA deficiency led to an impaired balance of effector/suppressor T cells due to a propensity of CD4 + effector T cells committing to T-helper 1 (Th1)
responses (22) and reduced Treg development (23) , but Teffector cell function was not completely abrogated. Given that Dicer ablation is a sledgehammer approach, which removes the entire miRnome, it is surprising that miRNAdepleted T cells can survive and function. When using conditional gene ablation, selective outgrowth of Dicer-sufficient (i.e. escaped non-deleted) T cells suggests a competitive disadvantage of Dicer-deficient T cells (22, 24) . However, there is evidence that Dicer is not essential for survival, and therefore the entire pathogenesis observed in CD4cre.Dicer lox/lox mice is not likely due to escaped Dicer-sufficient T cells. For instance, Dicer-deficient cells can proliferate and form tumors in a sarcoma transplant model, although tumor formation was slower than in Dicer heterozygous cells (25) . Thus, DICER is dispensable for many tumor features and basic cellular processes including survival and proliferation of cells, although it is required for optimal cellular function. In addition to impaired proliferation and reduced survival, Dicerdeficient CD4 + T cells are strongly prone toward an interferon-c (IFNc)-producing Th1 phenotype, suggesting that miRNAs selectively repress the Th1 developmental program including expression of T-bet and IFN-c (22) . Similar results were observed in Drosha-and Dgcr8-deficient T cells (26, 27) . Thus, in addition to controlling proliferation and survival, there are clear indications that T-cell differentiation is controlled by miRNAs. Specifically, DICER products are immunosuppressive by repressing Th1 responses. miRNAs can also control differentiation into other T-cell subsets. We employed an adoptive transfer system based on the use of cell tracker violet labeled cells to study T-cell differentiation of miRNA deficient T cells independent of any proliferation/survival defects. In this setting, we observed that (Fig. 1A , right panel). Cells were resorted to ! 97% purity on day 8 and restimulated in vitro. A high fraction of miRNA-deficient exFoxP3 cells produced IFN-c, in contrast to similar cells derived from heterozygous mice (Fig. 1B) . To test the pathogenicity of miRNA-deficient exFoxP3 cells in vivo, we adoptively transferred the repurified lymphocytes into lymphopenic hosts. Two months after transfer, 2/2 recipients of miRNA-deficient exFoxP3 cells presented with cachexia, bloody diarrhea, and rectal prolapse, while 5/5 hosts receiving Dgcr8 heterozygous cells remained healthy. The Dgcr8 KO recipients had very severe kidney damage with destruction of tubuli and glomeruli and mild liver infiltration (data not shown). Thus, miRNAs are required to maintain Treg lineage identity by stabilizing FoxP3, which represses effector cell differentiation. In addition, miRNAs repress effector cytokine production in FoxP3-expressing Tregs. The result also further supports that miRNA-deficient effector T cells are functional. These data raise the possibility that the scurfy-like disease observed in mice with a Treg-specific lack of miRNAs may not only be passive through loss of Treg The half-life of mature miRNAs is not only regulated through control of transcription and post-transcriptional miRNA maturation but also by coordinated degradation through multiple mechanisms (32) (33) (34) . Importantly, the exonuclease, Eri-1, regulates miRNA degradation in lymphocytes (35) . Thus, another approach to modulating large families of miRNAs is to alter this degradation pathway. In this regard, elimination of Eri-1 gene expression resulted in accumulation of all miRNAs leading to the inhibition of natural killer (NK) cell development under homeostatic conditions. In addition, mixed bone marrow chimeras revealed that the development of Eri-1-deficient T cells were also at a competitive disadvantage as compared with wildtype T cells.
These examples demonstrate that global ablation of miRNAs is an effective approach to the study of T-cell development and differentiation. The results obtained with globally miRNA-deficient or -overexpressing T cells demonstrated that miRNAs are key regulators of T-cell proliferation, survival, migration, and differentiation but are surprisingly dispensable for other T-cell functions including cytokine secretion. Importantly, the observation that miRNA deficiency promotes differentiation into certain T-cell subsets (e.g. Th1) but inhibits differentiation into other subsets (Tfh) suggests that global modulation of the miRNA pool could help to regulate T-cell lineage choice. However, the interpretation of the resulting phenotypes is complex given the broad nature of the defects in miRNA-disrupted cells, the overarching effects on cell death and proliferation, and the unleashing of repressed programs in multiple T-cell subsets that can have both direct and indirect effects. In the future, the availability of embryonic stem (ES) cell lines with constitutively targeted miRNA loci (36) and conditional miRNA-gene targeted ES cells and mice (37) will undoubtedly enhance our understanding of miRNAmediated control of T-cell differentiation and function.
Highly dynamic control of miRNA expression and miRNA-mediated gene regulation in T cells
Given the global effects of miRNA disruption on T-cell development and function, the next step would be to determine the role of individual miRNA loci in these settings. Thus, multiple laboratories, including our own, set out to determine the profile of miRNA expression in multiple T-cell types. Importantly, these analyses revealed that lymphocytes express a set of similar miRNAs (38-40), but unlike the liver (miR-122) and the heart (miR-1) which express characteristic specific individual miRNAs, no individual miRNAs were exclusively expressed in lymphocytes (39, 41, 42) . For example, we and others (38, 43, 44) have found that miR-10a is enriched in Tregs, but it is also expressed in B cells and non-lymphoid tissues. miR-10a was expressed at low levels, but it remains possible that there is higher expression in a subset of Tregs that is masked by the population-based quantitative polymerase chain reaction (qPCR) analysis. In addition, as noted in multiple instances below, the expression levels may change during active immunity. There are other examples of individual miRNAs that are differentially expressed in T-cell subsets but the lack of defining miRNAs for individual T-cell subsets under homeostatic conditions suggested that major changes might exist during activation and differentiation of individual T-cell subsets.
miRNA expression did indeed change dramatically after T-cell activation (40, (45) (46) (47) (48) ). An early study showed that Bic, which encodes miR-155, was induced by T-cell activation (49) . Similar upregulation is observed for the miR-17-92 miRNA family (46, 47) . miR-17-92 induction depends on maximal T-cell activation including CD28 costimulation in both mouse and human Tconv and Treg cells (Dimitri de Kouchkovsky, Jonathan Esensten, Wendy L. Rosenthal, Malika M. Morar, Jeffrey A. Bluestone and Lukas T. Jeker, manuscript submitted). But as it turns out, these miRNAs are the exception. In fact, most miRNAs expressed in resting T cells are downregulated after T-cell activation, suggesting that miRNAs may play a general role in stabilizing gene expression and lineage determination including maintenance of a naive state (40, 47, 48) . Detailed genome-wide miRNA profiling confirmed activation-induced rapid miRNA decline of most miRNAs, while miR-155 and miR-17-92 that belong to the few exceptions are induced (50) . The group of miRNAs that was most rapidly and efficiently downregulated (e.g. miR-29a and miR-150) ceased transcription of their pri-miRNAs. In contrast, miR-19b expression, as a representative miRNA of the miR-17-92 cluster, was maintained or mildly induced through a disproportionally increased transcription compensating for the global miRNA depletion (50) . Thus, transcriptional regulation contributes to the regulation of mature miRNA levels during T-cell activation. However, additional post-transcriptional mechanisms are involved. miRNAs function by physically interacting with their target mRNA in the miRNA-induced silencing complex (miRISC) serving as a guide for Argonaute (AGO) proteins (13, 51, 52). AGO2 is the key AGO protein in hematopoietic cells and is important to maintain physiologic miRNA levels (53) . In fact, proteasomal degradation of AGO proteins is actively induced during T-cell activation, accounting for at least a partial explanation how T-cell activation induces the loss of miRNAs (50) . Importantly, similar to Dicer-and Dgcr8-deficient T cells, which are prone to taking on a Th1 phenotype (22, 26) , Ago2 heterozygosity or complete absence of Ago2 resulted in increased propensity to produce Th1 cytokines. In contrast to Dicer-and Dgcr8-deficient T cells, however, Ago2-deficient T cells proliferated normally despite a global reduction of miRNAs (50) . Thus, this model uncoupled miRNA-mediated effects on proliferation from their function as suppressors of cytokine production. Cytokine suppression was likely in part indirect, because the Ago2-deficient cells expressed elevated Tbet. Furthermore, many Ago2-deficient T cells expressed increased IFN-c, interleukin-4 (IL-4), or both. This indicates that miRNAs are required to restrain T cells from differentiation into Th1 and Th2 effector T cells. The emergence of significant numbers of cells co-producing IFN-c and IL-4 suggests that some miRNAs are required to separate T-helper subsets during T-cell differentiation.
We note that miRNA-deficient T cells can still function. Thus, a major role of miRNAs may be to reinforce a given differentiation state by repressing multiple transcription factors and biochemical signaling pathways of alternative differentiation fates. As mentioned above, examples of miRNA-deficient T cells losing their identity and gaining features of other T-cell subsets support this notion (22, 29) . In addition, during early T-cell differentiation, the activation-induced purging of the miRNA pool could 'reset' the miRNome and release repression of its targets facilitating acquisition of novel genetic programs and thus differentiation (40, 50) . Importantly, downregulation of most miRNAs in conjunction with induction of select miRNAs leads to relative enrichment of those few miRNAs.
miRNA-mediated gene regulation occurs mainly through miRNA interaction with the 3′ untranslated region (3′UTR) of its target gene. In mammals, mRNA destabilization is the prevailing mechanism of miRNA regulatory function (54, 55) , although there may be some contributions of translational inhibition (56) . Alternative polyadenylation leads to mRNAs with varying length of their 3′UTR (57) . Thus, alternative usage of different 3′UTR lengths is a way to allow or avoid miRNA-mediated repression (Fig. 2) . Evolutionary pressure controls miRNA-mediated gene regulation by shaping the 3′UTR length and by inference miRNA regulation of genes, such that broadly expressed genes have short 3′UTRs while tissue-specific genes have longer 3′UTRs (58) . As lymphocyte activation is associated with 3′UTR shortening (46) , the same gene that is subject to miRNA-mediated regulation when it has a long 3′UTR is less likely to be targeted by miRNAs once it shortens its 3′ UTR. More than half of the miRNA-binding sites are downstream from the first polyadenylation site, suggesting that a large part of miRNA regulation could be lost during T-cell proliferation (57) . Indeed, genes whose transcript expression increased during T-cell activation more frequently contain miRNA-binding sites exclusively in their extended 3′ UTR than genes whose expression decreased, suggesting that they were repressed by miRNAs before activation. Importantly, predicted miR-155 and miR-17-92 target genes use the proximal polyadenylation site significantly more frequently than the distal one compared with non-targets in stimulated T cells (46) . Thus, the model suggests that genes whose expression is needed but that are targeted by the activation-induced miRNAs miR-155 and miR-17-92 may use the short form of their 3′UTR to avoid repression during activation. The interplay of differential 3′UTR usage and target sequence conservation likely shapes the effectively targeted gene network among the predicted targets during T-cell activation, allowing one miRNA to exert differential functions in resting and activated T cells (Fig. 3 ). Thus, it is possible that differential regulation of short versus long 3′ UTR usage by predicted miR-155 and miR-17-92 target genes poises a subset of genes for repression (maintaining long 3′UTR), while genes that require neutral or induced expression will switch to using the short 3′UTR (Fig. 3) . A more comprehensive understanding of miRNA-mediated gene control will require deeper insight into alternative polyadenylation during T-cell activation and differentiation. Of note, knockdown of a single protein of the multi-protein 3′ end-processing apparatus (57) in HEK293 cells is sufficient to switch a cell to the use of proximal polyadenylation sites (59) .
Multiple miRNA families, genomic miRNA clusters, and a multitude of mRNA targets miRNA loci can be transcribed as transcripts coding for individual miRNAs or as polycistronic transcripts coding for multiple miRNAs. In addition, gene duplications led to multiple copies of similar miRNAs throughout the genome. The most important region in a miRNA to determine its target genes are nt positions 2-7, termed the 'seed' sequence (6) . Therefore, all miRNAs with an identical seed sequence likely target overlapping genes and are categorized as a family that can have multiple members. A prototypical and well-studied miRNA cluster is the miR-17-92 cluster which codes for 6 individual miRNAs (miR-17, miR-18a, miR-19a, miR-20a, miR-19b, and miR-92a) (60) . Interestingly, post-transcriptional processing of miRNA clusters can lead to differential expression of individual miRNAs within the same cluster (14) . This can lead to synergistic or potentially even intracluster antagonistic functions (61) . As an example, miR-19 is key for the well-documented oncogenic properties of miR-17-92 in B-cell lymphomas (62, 63) , but miR-17 and miR-92a preferentially rescued proliferation of Dgcr8-deficient T cells (26) . Thus, individual miRNAs among a cluster can be dominant for a particular function.
There is strong evidence that the miRNA target networks are complex, include many mRNAs and are under selective pressure (64) . Analysis of miR-223-deficient neutrophils demonstrated that miR-223 represses dozens of genes in neutrophils (65) . Furthermore, miR-29 and miR-17-92 miRNAs target dozens of genes in primary T cells (26, 47) . Most gene expression changes were subtle but when cumulative gene expression changes of bioinformatically predicted direct targets are superimposed to all genes their preferential miRNA repression can be visualized using cumulative distribution plots (26, 54, 65) . In addition, miRNA overexpression generally results in stronger repression than derepression achieved by genetically or pharmacologically inhibiting miRNAs. Ansel and colleagues transfected miR29b into DGCR8-deficient (miRNA-depleted) CD4 + T cells, which led to much stronger repression of genes than inhibition of endogenous miR-29b, a strategy previously used in ES cells. Thus, an elegant approach to identify a set of genes regulated by miRNAs despite the modest regulation on a per gene basis is to combine overexpression and loss of function (26, 67) . In addition, novel cross-linking based approaches allow genome-wide visualization of miRNA:mRNA binding sites and revealed that non-classical miR-155 targeting in T cells is widespread (68) . Thus, it is now clear that individual miRNAs repress dozens of direct miRNA targets through 
Dynamic miRNA expression changes in response to environmental cues
Besides T-cell activation, a number of signals trigger substantial miRNA expression changes in T cells. We and others (43, 44) have shown that all-trans retinoic acid (RA) induces miR-10a expression in T cells likely through direct interaction with RA response elements in the miR-10a locus. This observation could mean that miR-10a is functionally relevant in the gut, where RA is important for induction of Tregs (69) . Although controversial, one study suggested that miR-10a is also induced by transforming growth factor-b (TGFb) (44) 
Individual miRNAs regulating T-cell differentiation and function
Among the best-studied miRNAs in T cells are miR-29ab, miR-146a, miR-155, and miR-17-92. miR-155, the first miRNA to be studied in miRNA-deficient mice, was found to have pleiotropic effects on dendritic, T, and B cells (74, 75) (Table 1 (DKO) on T-cell function. Interestingly, the effect of DKO followed the phenotypes of miR-155-deficient but not miR-146a-deficient T cells in several assays, indicating that miR-155 plays a dominant role over miR-146a. However, the interaction of genetic networks regulated by miR-155 and miR-146a, respectively, is likely complex and will require detailed analysis in various cell types and different conditions.
Role of miRNAs in CD4 + T cells: Th1, Th2, and Th17 cells
As described above, analysis of globally miRNA-deficient CD4 + T cells demonstrated clearly that miRNAs influence differentiation into and/or maintenance of T-cell subset identity (22) . To identify individual miRNAs repressing the Th1-bias observed in miRNA-deficient T cells, Ansel and colleagues adapted a screening approach used previously to identify miRNAs affecting ES cell proliferation (66) . The principle is that DGCR8-deficient T cells are miRNA-deficient but have functional DICER. Therefore, reconstitution with individual miRNAs leads to loading into the intact miRISC complex and functional repression of target genes. Screening 110 miRNA candidates for their ability to repress IFN-c production, the top two hits were miR-29a and miR-29b (26) . Genome-wide target analysis of genes repressed after miR-29 transfection and derepressed after miR-29 inhibition revealed targeting of Tbx21 and Eomes, two well-known genes promoting Th1 differentiation. Furthermore, siRNA-mediated knockdown of T-box transcription factor TBX21 (TBET) mildly phenocopied IFN-c reduction but was less efficient than miR-29 transfection. Knockdown of Eomesodermin (EOMES) alone did not affect IFN-c production, while silencing TBET and EOMES simultaneously was more efficient than TBET knockdown alone. Thus, miR-29 is a potent repressor of IFN-c production, likely acting indirectly by repressing TBET and EOMES. Interestingly, IFN-c production and miR-29 expression inversely correlate in NK and T cells during infection with Listeria monocytogenes or bacillus Calmette-Gu erin (88) . Among T-helper subsets, Th1 cells expressed the lowest miR-29 levels. T-cell activation led to downregulation of miR-29 through binding of NF-jB members to the miR-29 promoter. In this study, miR-29 was reported to directly target IFN-c but neither TBET nor EOMES. Mice overexpressing a transgene containing multiple miR-29 binding sites to compete with endogenous miR-29 ('sponges') were used to demonstrate that inhibiting miR-29 led to increased IFN-c production and increased resistance to Listeria infection. As expected, miR29ab-1-deficient T cells express elevated TBET levels and increased IFN-c production (73) . This study reported direct miR-29 repression of TBET and IFN-c. Importantly, the miR29b2c locus did not regulate Th1 responses. Furthermore, miR-29 was induced by IFN-c, suggesting a negative feedback loop. Unexpectedly, however, miR-29ab-1-deficient mice are resistant to experimental autoimmune encephalitis (EAE) due to a complete absence of central nervous system (CNS)-infiltrating lymphocytes. The reasons for this lack of infiltration will need to be carefully analyzed, because miR-29ab-1 is important in other cell types, such as thymic epithelial cells where it prevents thymic involution (89). Importantly, however, memory CD4 + T cells from patients with multiple sclerosis (MS) express increased miR-29b and T-bet mRNA (73) . Thus, miR-29ab-1 is an important repressor of Th1 responses, but the underlying molecular mechanism remains controversial. miR-29 has likely other functions in the immune system. Given that miR-29ab represses IFN-c in a negative feedback loop in Tconv cells, it might be particularly important to prevent Treg from producing IFN-c in an inflammatory setting. It will therefore be interesting to test miR-29ab expression in human Tregs expressing IFN-c (90). Similar to EAE development in the absence of miR-29ab, miR-155-deficient mice are resistant to EAE and display strongly reduced lymphoid CNS infiltration (76) . IFN-c production was normal under some but reduced under different conditions. Importantly, cell-intrinsic expression of miR-155 was required for IL-17A production. In addition to miR-155, miR-17-92 also promotes Th1 responses (47) . The miR-17-92 cluster not only promotes T-cell proliferation (26, 47, 91) but also is required for optimal IFN-c production (47) . miRNA from all six miRNAs represented by this cluster that promoted IFN-c production. Interestingly, while miR-19b was able to rescue defective proliferation, miR-19a, which differs by one nt, failed to rescue. Intriguingly, miR-18a inhibited proliferation as well. Both miR-17 and miR-19b were able to rescue the susceptibility of miR-17-92-deficient cells for activation-induced cell death, while again miR-18a enhanced apoptosis. Overall, the miR-17-92 cluster supported a Th1 response, because mice with miR-17-92-deficiency in all T cells showed a reduced delayed-type hypersensitivity response and showed reduced tumor rejection. Absence of miR-17-92 impaired production of many cytokines including IFN-c, IL-2, IL-4, IL-5, and TNFa, suggesting that multiple Th subsets (and possibly CD8 + T cells)
were affected. As mentioned previously, miR-146a is a negative regulator of T-cell activation and function (81) . The findings discussed for CD8 + T cells were essentially also true for CD4 + T cells. Similarly, miR-155 plays a dominant role over miR-146a in both CD4 + and CD8 + T cells (87) . In summary, miR-29, miR-146a, miR-155, and miR-17-92 are important regulators of Th1 responses (Table 1) . Much less is known about the role of individual miRNAs regulating Th2 responses, particularly the intrinsic control of Th2 differentiation. Although miR-155-deficient T cells are prone to produce Th2-type cytokines (IL-10 and IL-4) (74), detailed studies beyond miRNA expression profiling are largely missing. In addition, relatively little is known about how individual miRNAs regulate Th17 cells. miR-155 promotes Th17 production, but it remains unclear how this miRNA affects Th17 differentiation and/or function (76) . miR-326 was reported to be required for Th17 cell development and important for the development of EAE in mice and possibly MS in humans (92) . However, the findings were challenged by other studies that either did not find differential expression of miR-326 in samples from MS patients or that were unable to detect miR-326 in mouse or human Th17 cells (39, 41, 93) . Of note though, miR-326 was detected in brain lesions from MS patients using laser capture microscopy to isolate diseased tissue (94) . Thus, further research on the role of miR-326 in MS and Th17 cells is certainly warranted to resolve the current controversy (95, 96) . Another miRNA, miR-301a, is enriched in murine Th17 cells (97) . Pharmacological miR-301a inhibition using chemical compounds called antagomiRs led to decreased IL-17A and signal transducer and activator of transcription 3 (Stat3) phosphorylation, and a miR-301a mimic increased (72) . STAT5 bound the miR-183-miR-96-miR-182 locus, and STAT5 inhibition led to reduced miR-182 expression. Thus, it was proposed that IL-2 induces miR-182 in the late phase of clonal expansion where miR-182 represses FOXO1 expression. Supporting this notion, pharmacological inhibition of miR-182 led to mildly decreased in vitro proliferation, and adoptive transfer of cells treated with the inhibitor transferred slightly milder arthritis. However, genetic models are required to thoroughly assess the role of miR-182 in different Th subsets, because results obtained by the use of antagomiRs and other pharmacological miRNA inhibitors can reportedly differ significantly from genetic miRNA ablation (43, 98) .
Regulatory T cells
A number of miRNAs (miR-10a, miR-21, miR-146a, and miR-155) are enriched in Treg compared with Tconv cells (39, 43, 44, 78, 79) . However, all individual miRNAs that were ablated in vivo were largely dispensable for Treg function under homeostatic conditions (43, 77) . In contrast, when immune homeostasis is challenged by an immune response or immune reconstitution, miRNA functions have been revealed. For instance, miR-155 is an important regulator of Treg homeostasis in a competitive setting (78) . Facilitated IL-2 signaling likely contributes to the dependence of Tregs on miR-155, although in vitro the defect can be overcome by increased IL-2 concentrations. miR-146a is critical for Treg function in a high stress setting (79), but its role under homeostatic conditions has not yet been reported. miR-10a displays an intriguingly specific expression pattern in Tregs, yet ablation of miR-10a was largely dispensable for Treg generation under homeostatic conditions and for Treg function in an adoptive transfer colitis model (43) . However, using a lineage-tracing system, we found that miR-10a expression correlated with the most stable Tregs and is lower in exFoxP3 cells (i.e. those T cells that have lost FoxP3 expression following activation of the locus) (31, 43) . Furthermore, miR-10a inhibitors (antagomiRs) destabilized FoxP3 expression in vitro. In contrast, miR-10a-deficient mice did not display reduced FoxP3 expression in Tregs. Further investigation is needed to address this discrepancy. It is possible that antagomiR-10a-mediated FoxP3 downregulation is due to off-target effects, that other miRNAs such as miR-10b compensate for genetic miR-10a deficiency in vivo, or that specific challenges such as Treg activation or inflammatory signals are needed for FoxP3 downregulation. Nevertheless, the expression pattern and in vitro results together with the finding that RA, known to stabilize Tregs (69), induces miR-10a in T cells suggest that miR-10a might be a stabilizing factor for Tregs in general or a Treg subset, for instance in the gut. In support of this hypothesis, it has been reported that miR-10a directly represses B-cell lymphoma 6 (BCL-6), restraining the ability of in vitro generated iTregs to convert to Tfh cells (44) . Whether this is also true for thymically derived Tregs remains to be assessed. In comparison to all Tregs, miR-10a expression was strongly enriched in a subset of Tregs expressing PD-1 and CXCR5, designated T-follicular regulatory (Tfr) cells (44) . Thus, the rather low miR-10a expression in polyclonal Tregs could underestimate the expression in Tfr (43) and would suggest that miR-10a is particularly important for this subset of Tregs. Therefore, future in vivo studies need to address if miR-10a-deficient Tregs have a specific defect in Tfr development, function, or stability. The conundrum that remains, however, is why Tfr cells express high levels of miR-10a and BCL-6 (which is crucial for Tfr development) (99) if miR-10a represses BCL-6 (44). One possibility is that BCL-6 avoids targeting by miR-10a through alternative polyadenylation. The only computationally predicted miR-10a binding site in the BCL-6 3′UTR is indeed located in the distal part (7). Alternatively, miR-10a might limit BCL-6, whose expression would otherwise be even higher and could therefore inhibit B-lymphocyte-induced maturation protein-1 (BLIMP-1) expression, which seems to be responsible for IL-10 production in Tfr (99) . Thus, the molecular regulation of these seemingly paradoxical differentiation programs awaits further investigation.
In addition to miRNAs enriched in Tregs, we recently investigated the role of miRNAs induced by CD28, which is a critical molecule for Treg homeostasis (100). miR-17-92 was induced in a CD28-dependent manner in Bluestone and Lukas T. Jeker, manuscript submitted). Polyclonal Treg numbers during priming were normal and only modestly reduced in the CNS at peak disease. Although overexpression of miRNAs from the miR-17-92 promotes T-cell proliferation (26, 91) , Treg proliferation was surprisingly intact despite miR-17-92-deficiency. Interestingly, 1 week postpriming, antigen-specific Tregs were significantly reduced, whereas tetramer negative cells were present in normal numbers. Thus, miR-17-92 is critical for the accumulation of antigen-specific Tregs. This is likely due to the fact that the antigen-specific Tregs become activated and adapt to the challenges (stress) through proliferation, differentiation, and migration. As T-cell costimulation is a key process that equips T cells with properties to do so by changing the metabolism and increasing survival signals, we conclude that miR-17-92 is an important part of the CD28 costimulatory pathway. Of note, miR-17-92 inhibits the generation of TGFb-induced iTregs in vitro (47) . This may be in part because miR-17-92 targets the TGFb receptor II and likely reduces sensitivity to TGFb. Alternatively, this could reflect that miR-17-92 is induced by costimulatory signals because strong CD28 signals inhibit FoxP3 induction in Tconv cells (69) .
The function of miR-17-92 was not limited to accumulation of antigen-specific Tregs though. In the inflamed CNS, both antigen-specific and polyclonal Treg numbers were only marginally reduced, but miR-17-92-deficient Tregs displayed significantly reduced frequencies of IL-10-producing Tregs as compared with miR-17-92-sufficient Tregs (Dimitri de Kouchkovsky, Jonathan Esensten, Wendy L. Rosenthal, Malika M. Morar, Jeffrey A. Bluestone and Lukas T. Jeker, manuscript submitted). This was most pronounced in mice with severe disease and among antigen-specific Tregs. In this regard, miR-17-92 overexpression did not affect polyclonal Treg numbers but increased Tfr frequencies, while miR-17-92 heterozygosity resulted in reduced Tfr frequencies but normal polyclonal Treg numbers (Dirk Baumjohann, Robin Kageyama, Jonathan M. Clingan, Malika M. Morar, Sana Patel, Dimitri de Kouchkovsky, Oliver Bannard, Jeffrey A. Bluestone, Mehrdad Matloubian, K. Mark Ansel and Lukas T. Jeker, manuscript submitted). Thus, the dose of miR-17-92 correlated with Tfr frequencies, suggesting that miR-17-92 controls the differentiation of Treg precursors into IL-10-producing effector and follicular Tregs. Thus, IL-2 might preferentially induce BLIMP-1, which is required for IL-10 production, in Treg and Tfr cells , which express high levels of CD25 compared with Tfh cells, which downregulate CD25 because IL-2 signaling inhibits Tfh cell generation (101) (102) (103) . Collectively, these results suggest that miR-17-92 might be required for the differentiation into BLIMP-1-expressing IL-10-producing effector Tregs in general.
T-follicular helper cells
Tfh cell differentiation is initiated shortly after priming of naive T cells by dendritic cells, which induces BCL-6 (104), a major transcription factor required for Tfh differentiation (105) (106) (107) . BCL-6 regulates a gene expression program including upregulation and downregulation of chemokine receptors that allow the differentiating cell to migrate to GCs where Tfh cells interact with B cells (108) . Thus, T-cell activation, micro-anatomic positioning, interactions with different types of antigen presenting cells (APCs) and the cytokine milieu are tightly controlled parameters determining Tfh differentiation (109) . However, despite substantial recent advances including the discovery that BCL-6 is a major driver of Tfh differentiation (105-107), the molecular networks controlling Tfh differentiation are incompletely understood. The only report on miRNAs in Tfh differentiation suggested that BCL-6 represses the miR-17-92 cluster, which in turn represses CXCR5 expression (106) .
Treg and Tfh cells share a number of similarities: (i) CD28 is not only critical for Treg homeostasis (110) but also Tfh cell generation (111), (ii) Tfh and Treg subsets (specifically IL-10-producing effector Tregs) depend on inducible costimulator and IFN-regulatory factor 4 for IL-10 production, (iii) the signature cytokine of both cell types, IL-21 and IL-10, respectively, are both STAT3 signaling cytokines, and (iv) Tregs can turn into Tfh cells under certain conditions (112) . Based on this interconnectivity, we hypothesized that miR-17-92 may not only be required for effector Treg formation but also Tfh differentiation and/or function. Immunization of mice with protein or infection with LCMV demonstrated that miR-17-92 was required for Tfh accumulation (Dirk Baumjohann, Robin Kageyama, Jonathan M. Clingan, Malika M. Morar, Sana Patel, Dimitri de Kouchkovsky, Oliver Bannard, Jeffrey A. Bluestone, Mehrdad Matloubian, K. Mark Ansel and Lukas T. Jeker, manuscript submitted). T-cell-specific miR-17-92 ablation not only led to reduced Tfh cell but also GC B-cell numbers and a reduced antibody response. Using protein immunization and an adoptive transfer model, we demonstrated that the observed defect was T-cell-intrinsic. In addition, as described above for Tregs, miR-17-92 was largely dispensable for proliferation but led to reduced BCL-6, CXCR5, and IL-21 production. Thus, miR-17-92 is an important regulator of Tfh differentiation.
Transgenic mice overexpressing miR-17-92 in all T and B cells display increased T-cell proliferation and (auto)antibody production (91) One important component of T-cell differentiation is repression of genes (2) . In fact, BCL-6 is a transcriptional repressor that is expressed in all T cells shortly after activation (104, 114) . Early after initiating the Tfh program, the cells express cytokines associated with Th1, Th2, and Th17 cells (111) , yet BCL-6 represses the key transcription factors TBET (encoded by Tbx21), GATA3, and RORc, which drive development of Th1, Th2, and Th17 cells, respectively (111, 115) . Thus, BCL-6 represses transcription factors that might interfere with Tfh differentiation. However, repression is incomplete, and Tfh cells retain substantial potential to differentiate into other Th subsets (115) . A current model of Tfh differentiation therefore includes substantial flexibility during differentiation (114) . As miRNAs are generally repressors, future studies need to decipher which genes are directly repressed by miR-17-92 during Tfh differentiation.
In summary, miR-17-92 deficiency strongly impaired Tfh differentiation at multiple checkpoints. Early during Tfh differentiation, miR-17-92 repressed the Tfh inhibitor PTEN. Other pathways are very likely also regulated but remain to be investigated.
Complexities in determining the functional roles of miRNAs and their targets
The demonstration of dramatic functional activities of miRNAs has been complicated due to a number of intrinsic miRNA attributes. First, individual miRNAs are redundant, because multiple related miRNA family members act on a similar set of target genes. Thus, effective genetic knockout approaches can require the combination of multiple loss-offunction alleles to observe substantial biological changes (116, 117) . In addition, even the deletion of entire miRNA families is often tolerated in the absence of stress signals or 'perturbagens' (83, (118) (119) (120) . Moreover, characterization of target genes regulated by individual miRNAs is particularly demanding. miRNAs generally regulate hundreds of targets with often less than 50% repression (65, 121) . Therefore, separating real regulation from technical artifacts or biologic fluctuation is challenging. As mRNA destabilization is the predominant mechanism of miRNA function in mammals, mRNA arrays, which are readily available to many researchers, can be used as a proxy to determine genetic networks regulated by miRNAs, but they do not discriminate direct from indirect targets (54, 55) . Bioinformatic algorithms can help to predict direct targets, and sophisticated proteomics approaches allow genome-wide quantification of miRNA regulation of the proteome (54, 65, 121) . Finally, immunoprecipitation-based biochemical assays allow direct genomewide miRNA target site mapping (54, 68, 122) . However, none of these approaches can determine the functional importance of individual miRNA:target interactions. Approaches for functional validation of a target include the demonstration that a miRNA knockout phenocopies transgenic expression of its target and vice versa that miRNA overexpression phenocopies (genetic) inhibition of its target genes. This approach has been used to demonstrate functional importance of miR-150-mediated targeting of c-Myb in B (123) and NK cells (124) and miR-155-mediated SOCS-1 repression in Tregs (78) . Importantly, the pheno-types were sensitive to gene dosage, validating that indeed subtle changes in gene expression are functionally relevant. However, it would be premature to infer from these examples that in general a few targets are key, while others are dispensable. For instance, while transgenic miR-17-92 overexpression leads to repression of PTEN and BCL-2 interacting mediator of cell death (BIM) in T cells, genetic Pten/Bim compound mutants only partially phenocopied miR-17-92 overexpression, arguing for additional functionally relevant miR-17-92 targets (91) . In addition, genetic rescue approaches have been used to 'revert' a phenotype observed in the absence of a given miRNA (79) . The underlying assumption is that the loss of miRNA function leads to derepression of its target, which can be neutralized by genetically reducing (heterozygous) or removing (homozygous) the target gene. However, although Pten is a well-docu- Jeker, manuscript submitted). Finally, the most direct and arguably gold standard method to rigorously test the contribution of a specific miRNA binding site in a specific gene is to generate a knockin mutation of the miRNA binding site. Strikingly, a single miR-155 binding site in the activationinduced cytidine deaminase gene regulates its mRNA stability (125) . Myc-Igh translocations were increased but less than in miR-155-deficient B cells, suggesting that additional miR-155 target genes must be functionally relevant.
These results collectively suggest that minor dysregulation of multiple miRNA targets functionally cooperate to culminate in a phenotypic abnormality in the absence of miRNA repression. We propose that the emphasis to understand miRNA function should be on target networks rather than individual miRNA targets (126, 127) . Individual miRNA targets may perhaps dominate in a certain cellular context, but in isolation, they are unlikely to account for an entire phenotype. Although 3′UTR assays are useful to confirm bioinformatic predictions, extrapolations about functional importance from such assays need to be made cautiously. This is particularly true if the 3′UTR assays were done in cell lines rather than the primary cell of interest. Without a doubt, functional validation of miRNA: target gene interactions will be complex and tedious. Given these complexities, interdisciplinary approaches will likely become highly relevant. Although novel approaches such as targeted proteomics are promising (128) , new methods to functionally validate multiple targets and combinations thereof need to be developed. The scientific community needs to find ways of dealing with such datasets, and we need to try to avoid over interpretation and perhaps more importantly, exaggerated expectations. After all, we do not expect the networks of genes bound and regulated by individual transcription factors to be individually and functionally validated in a single study. Why would we demand this for miRNAs?
miRNAs set thresholds
Contrary to the prevailing view that miRNAs are mainly fine-tuners of gene expression, single cell analysis shows that on a per cell basis miRNAs can be very effective gene repressors (129) . A single miRNA binding site in the 3′UTR of a reporter gene suppresses that gene very effectively. Importantly, repression at low target abundance is more effective than repression at high target expression, leading to a non-linear threshold effect (129) . Increasing numbers of miR-20 binding sites (which is part of the miR-17-92 cluster) in the target mRNA 'sharpened' the threshold: at high reporter gene expression, a twofold repression was achieved independent of whether the reporter contained one or seven miRNA binding sites. In contrast, at low target levels one miRNA binding site resulted in a twofold repression but seven binding sites resulted in a 10-fold repression (129) . The gain in repressive activity was higher when increasing the number of binding sites from one to four than going from four to seven. Thus, miRNAs can set thresholds, particularly if the target gene contains multiple miRNA-binding sites and is expressed at low levels. As such repression allows to prevent gene expression, this kind of miRNA function has been referred to as binary off-switch (6) . In certain situations the same miRNA:target pair could result in an off-switch at low target abundance but fine-tuning activity when the target reaches higher abundance, that is, represent a threshold-linear effect (129) .
During T-cell differentiation, STAT proteins are important in shaping the active enhancer landscape guiding gene expression, which points to cytokines as sensors of environmental cues directing T-cell differentiation (130) . As outlined above, after initial activation of naive T cells, the early stages of Th subsets retain substantial flexibility (114) . This transitional differentiation stage is likely susceptible to environmental fluctuations. Coherent feed-forward loops are one way to increase robustness of a genetic network by suppressing unintentional responses to environmental changes (130, 131) . Setting a miRNA-mediated threshold is another way for a cell to filter real signals from noise (118) . Once an intended signal becomes strong enough, the threshold is passed, and a rapid response results (Fig. 4) . In contrast, fluctuations below the threshold or insufficient triggering will be buffered without consequences on the protein output or cellular level. Intriguingly, computational models suggest that optimal attenuation of fluctuations is achieved with modest repression (132) . Thus, select miRNAs likely represent a safety feature to prevent responses to stochastic triggering of cytokine or other cell surface receptors, for example, and therefore are important for cell fate decisions and maintenance of cellular identity.
Illustrations of miRNA-mediated thresholding have been reported in T cells: miR-29 is sufficient to repress the characteristic IFNc hyperproduction in miRNA-deficient T cells (26) . Among many genes regulated by miR-29, two notable ones are Tbx21 and Eomes, both of which are known to induce IFNc production. Importantly, CD4 + T cells physiologically express very low levels of EOMES. However, inhibition of miR-29 in wildtype CD4 + T cells led to increased EOMES expression, demonstrating that miR-29 normally prevents EOMES expression. Intriguingly, miRNAs often target genes expressed in their neighboring cells, suggesting that they spatially sharpen gene expression by repressing unwanted genes (58) . Translated to the immune system, thresholding is likely important to spatially constrain responsiveness of cells to a given cytokine or chemokine gradient for instance in lymph nodes where positioning in a highly defined microenvironment is critical for Tfh development and GC reactions (Fig. 5) . In support of this hypothesis, absence of miR-17-92 led to an eightfold increase in FoxP3-expressing iTregs in response to low TGFb concentrations, whereas the increase was only twofold with higher concentrations (47) . The difference between wildtype and miR-17-92 heterozygous cells was more pronounced than the difference between heterozygous and homozygous miR-17-92-deficient cells, illustrating how highly sensitive the repression is. Collectively, these observations suggest that the role of miR-17-92 in this system is mainly to suppress TGFb signaling in cells that are exposed to low TGFb concentrations. The repression is neither linear nor absolute, however, giving the immune system flexibility. Cooperative activity of miRNAs potentiates gene regulation
The finding that in a controlled experimental system multiple binding sites are exponentially more effective at repressing its target gene suggests that cooperative binding by several miRNAs will be non-linearly more effective. As an example, PTEN and Bim, two important genes for immune homeostasis (91) , contain high numbers of predicted miRNA-binding sites, suggesting significant regulation by miRNAs. Furthermore, two miRNAs expressed in T cells, miR-21 and miR-155, on their own have a small effect on repression of Hip2. In contrast, deletion of both binding sites in the distal 3′UTR of Hip2 restored the expression to levels of the short 3′UTR (46) . This demonstrates that interplay between 3′UTR length and cooperative targeting of multiple miRNAs shapes gene expression in T cells.
Private versus public genetic programs regulated by a particular miRNA?
It is currently not clear if a given miRNA has a defined repertoire of targets in each cell type or if the network of targets is cell-type dependent. Distinct networks could be achieved by differential accessibility of the 3′UTR and/or differential alternative polyadenylation between cell types. In addition, gene expression strength likely is important (129) . Of note, CD25 is a direct non-canonical miR-17-92 target . This discrepancy could be a result of CD25 expression close to saturation in Tregs (where miRNAs are less efficient), whereas in Tfh cells CD25 levels need to be lower.
Concluding remarks
Regulatory RNAs and in particular miRNAs are emerging as key regulators of T-cell differentiation and function. miRNAs are involved in many aspects of the immune system including differentiation, cytokine signaling, cytokine production, and cellular migration. A fascinating world has opened up begging for more investigation into the intricate regulation of immune function by regulatory RNAs. Studying RNAmediated gene regulation will continue to reveal the beauty of nature but should ultimately form the basis for a new generation of diagnostics and therapeutics.
